During the course of infection, pathogens must overcome a variety of host defence systems.
| INTRODUCTION
Enterohaemorrhagic and enteropathogenic Escherichia coli (EHEC and EPEC, respectively) are closely related enteric Gram-negative pathogens. These bacteria infect the human intestinal tract and cause diarrhoea (Kaper, Nataro, & Mobley, 2004) . Upon contact with a host cell, EHEC and EPEC deliver many types of virulence proteins, termed effectors, through a type III secretion system (T3SS) into the host cell (Croxen & Finlay, 2010) . These effectors then modify host cell responses and host cell physiology to contribute to colonisation (Stevens & Frankel, 2014; Wong et al., 2011) . One of the hallmarks of both infections is the development of a type of histopathological damage called an attaching and effacing lesion, which is characterized by disruption of microvilli and the intimate attachment of bacteria (Moon, Whipp, Argenzio, Levine, & Giannella, 1983; Ulshen & Rollo, 1980) . For successful infection, these pathogens overcome host defences aimed at recognising and responding to components of the infectious agents, which are known as pathogen-associated molecular patterns or PAMPs.
Lipopolysaccharide (LPS) is the major surface component of Gramnegative bacteria that triggers host immune responses during infection (Raetz & Whitfield, 2002) . More specifically, the toll-like receptor 4/ myeloid differentiation factor 2 (TLR4/MD2) complex on the host cell surface recognises the lipid A domain of LPS and activates downstream inflammatory signal pathways, leading to the production of pro-inflammatory cytokines . In addition, activation of TLR4 results in enhanced phagocytosis and phagosome maturation in macrophages for the clearance of bacteria (Blander & Medzhitov, 2004; Doyle et al., 2004; Kong et al., 2009) . Recruitment of the adaptor molecules myeloid differentiation factor 88 (Myd88), interleukin-1 receptor-associated kinase, and tumour necrosis factor receptor-associated factor 6 triggers the activation of intracellular signalling cascades, including the Jun NH 2 -terminal kinase, nuclear factor (NF)-κB, p38, extracellular signal-related kinase 1/2, and phosphoinositide 3-kinase signalling pathways , which are essential for activation of inflammatory target genes.
Among these pathways, activation of the p38 pathway is essential for TLR-mediated phagocytosis and phagosome maturation (Blander & Medzhitov, 2004; Doyle et al., 2004) . To escape the recognition of TLRs, remodelling of the lipid A structure is a potential virulence strategy in several pathogens . In E. coli, the lipid A structure consists of a ß(1′-6)-linked disaccharide of glucosamine phosphorylated at the 1 and 4′ positions and acylated with R-3-hydroxymyristoyl groups at the 2, 3, 2′, and 3′ positions. The 2′ and 3′ R-3-hydroxymyristoyl groups are further acylated with laureate (C12) and myristate (C14), respectively. Modifications of lipid A, including addition of aminoarabinose, dephosphorylation, acylation, or deacylation, in Yersinia, Klebsiella, Salmonella, Vibrio, and Helicobacter evoke limited cytokine responses . The genes encoding enzymes involved in such modifications are suggested to be controlled through the response to the micro-environment during infection (Guo et al., 1997; Reinés et al., 2012) . Recently, it has been shown that the lipid A expressed by Klebsiella pneumoniae within a host is modified and contributes to a reduction in the innate immune response (Llobet et al., 2015) .
One of the lipid A-modifying enzymes, LpxR of Salmonella typhimurium and Yersinia enterocolitica, removes the 3′-acyloxyacyl residue of lipid A and contributes to the low inflammatory response of infected host cells (Kawasaki, Teramoto, Tatsui, & Amamoto, 2012; Reinés et al., 2012; Reynolds et al., 2006) . Genes encoding LpxR are found in the genomes of other Gram-negative pathogens, such as Vibrio cholerae, Helicobacter pylori, and E. coli O157:H7 . The expression of the lpxR gene and the activity of its product have been suggested to be closely associated with virulence.
The lpxR gene in S. typhimurium is activated by HilD, which is a regulator for SPI-1 virulence genes and its homologues HilC and RtsA (Petrone, Stringer, & Wade, 2014) . The expression of lpxR in Y. enterocolitica is negatively regulated by the global regulators RovA and PhoPQ (Reinés et al., 2012) . In addition, even though LpxR is present in the outer membrane, 3′-O-deacetylated lipid A is not produced under normal S. typhimurium growth conditions or at 21°C in Y. enterocolitica because of enzyme latency (Reinés et al., 2012; Reynolds et al., 2006) . In Y. enterocolitica, it has been shown that 3′-O-deacylated lipid A is produced only at 37°C and contributes to the low inflammatory response associated with Y. enterocolitica infection together with the YopP virulence factor (Reinés et al., 2012) .
The T3SS and its effector proteins, which are necessary for EHEC pathogenicity, are encoded on locus of enterocyte effacement (LEE) and other horizontally transferred DNAs (Hayashi et al., 2001; Ogura et al., 2009 ). Expression of the LEE genes, and non-LEE effector genes, is coordinately activated through the action of Pch and Ler in EHEC ( Figure 1a ; Abe et al., 2008) . Ler is encoded by the ler gene and is the first gene of the LEE1 operon, while three pch genes are localized on prophages in the EHEC O157:H7 Sakai strain (Friedberg, Umanski, Fang, & Rosenshine, 1999; Iyoda & Watanabe, 2004) . Pch activates transcription of the LEE1 operon, and Ler, together with Pch, activates other LEE genes and other virulence-associated genes (Abe et al., 2008; Fukui, Oshima, Ueda, Ogasawara, & Tobe, 2016) . Horizontally transferred DNAs were preferentially bound by H-NS, which forms a nucleoprotein complex, resulting in repression of most virulenceassociated genes by H-NS (Dorman, 2007) . Competitive binding of Pch and Ler to H-NS activates virulence gene expression by altering the nucleoprotein complex formed by H-NS (Fukui et al., 2016) . The expression of LEE genes and other associated genes is coordinately regulated by these regulators in response to intestinal environmental signals (Mellies & Lorenzen, 2014; Nakanishi et al., 2009) .
Butyrate is a short-chain fatty acid produced by the microflora and has been shown to enhance LEE gene expression through the transcriptional regulator Lrp (Nakanishi et al., 2009; Takao, Yen, & Tobe, 2014) . Therefore, it is proposed that during transit through the intestine, EHEC senses elevated butyrate levels at the ilium and activates LEE genes and associated genes to become primed for colonisation.
In this report, we show that expression of the lpxR gene in EHEC O157:H7 Sakai is under the control of the virulence regulators Pch and Ler, which are necessary for the expression of LEE genes and related virulence genes. Lipid A from wild-type (WT) EHEC was less stimulative of macrophage-like cells than lipid A from the lpxR mutant.
Furthermore, the loss of the lpxR gene increased phagocytosis of EHEC and maturation of EHEC-containing phagosomes by macrophage cells. These results suggested that EHEC activates the expression of lpxR with LEE-related virulence genes to render the bacterial cells less stimulative to the host.
| RESULTS

| Expression of lpxR is enhanced by butyrate through Lrp
Our previous analysis to identify genes coordinately regulated with LEE genes in concert with the virulence regulators Pch and Ler indicated that ORF ECs0814 is a member of the regulon (Abe et al., 2008) . As ECs0814 encodes a protein with high similarity to LpxR of S. typhimurium and Y. enterocolitica ( Figure S1 ), which modifies lipid A through 3′-O-deacylase activity , we examined the role of ECs0814-encoded LpxR homologue in modification of lipid A by comparing the structures of lipid A in WT, lpxR deletion mutant, and the complemented strain of EHEC. As expected, in the presence of ECs0814 (lpxR gene), EHEC contains 3′-O-deacylated lipid A in addition to unmodified lipid A, and the amount of 3′-O-deacylated lipid A was much higher in the complemented strain ( Figures S1 and   S2 ). Then, we speculated that the lpxR gene is activated in virulenceenhancing conditions and contributes to EHEC pathogenicity through modification of lipid A. First, we examined the regulation of the lpxR gene under conditions affecting the expression of LEE genes. To monitor changes in lpxR gene expression, the promoter activity of lpxR was measured using a luciferase fusion reporter. As the expression of LEE genes is markedly enhanced by the presence of butyrate and the butyrate-enhanced expression is dependent on the transcriptional regulator Lrp (Nakanishi et al., 2009) , we first examined the regulatory role of the butyrate-Lrp axis on the expression of lpxR. When EHEC was grown in Dulbecco's modified Eagle's medium (DMEM) containing sodium butyrate, the promoter activity was enhanced compared to EHEC grown in the control medium containing sodium chloride (Figure 1b ). This butyrate-enhanced activation was abolished in the EHEC lrp deletion mutant. The production of the LpxR protein was detected using EHEC strains harbouring a FLAG-tagged lpxR gene on the chromosome. The effects of butyrate and the lrp deletion mutation on the production of LpxR-FLAG were similar to EspB, which is encoded on LEE (Figure 1c ). These results suggested that the expression of lpxR is activated coordinately with LEE genes in response to butyrate through the same regulatory mechanism.
2.2 | The activation of lpxR requires both the Pch and Ler virulence regulators Next, we examined the roles of two virulence regulators for LEE genes, Pch and Ler. The promoter activity of lpxR was monitored using luciferase fusion reporters in the pch deletion mutant and in the ler deletion mutant. Although the activity in WT EHEC was greatly enhanced at the logarithmic growth phase when grown in DMEM containing sodium butyrate, the activity remained almost at the basal level in the pch and ler mutants (Figure 2a ). The production of LpxR protein, which was detected as FLAG-tagged LpxR, was also greatly reduced in the mutants, and LpxR-FLAG production in the pch and ler mutants was recovered by introducing cloned pchA and ler, respectively (Figure 2 b). As the expression of ler, which is located in the LEE1 operon, is positively regulated by Pch, deletion of pch diminishes the production of Ler as well as Pch. Therefore, the above results only indicated that Ler is indispensable for the activation of the lpxR gene, but the contribution of Pch in lpxR expression remained uncertain. In order to determine the involvement of Pch in lpxR expression, the ler gene with a lac promoter was introduced into the pch mutant, and lpxR promoter activity was monitored. Although the activity in the complemented strain reached a much higher level compared to WT, the activity remained at the basal level in the pch mutant containing the P lac -ler plasmid (Figure 2c ). This suggested that Ler alone could not activate the lpxR promoter and Pch was required for the efficient activation.
To confirm the involvement of Pch in lpxR expression, the P lpxR -lux fusion was introduced into E. coli K-12 strain W3110 with the P lacpchA plasmid, P lac -ler plasmid, or both. Although lpxR promoter activity was increased in the presence of pch or ler alone, the promoter activity was greatly enhanced when both pchA and ler were present (Figure 2 d). These results indicated that both ler and pch are necessary for the efficient activation of the lpxR promoter.
| Pch and Ler activate lpxR by counteracting H-NS-mediated silencing
The majority of chromosomal regions with virulence-related genes, including LEE genes, in EHEC O157 Sakai are bound by H-NS, and The lpxR promoter activity in wild type (WT) and lrp mutant (Δlrp) of EHEC O157 Sakai is shown. Bacteria harbouring the P lpxR -luc fusion plasmid were grown in Dulbecco's modified Eagle's medium containing 20 mM sodium butyrate (Na butyrate) or 20 mM sodium chloride (NaCl) at 37°C. The luciferase activity was measured and normalised according to the density of the bacterial culture (OD 600 ). The average values of three experiments were plotted against OD 600 . (c) Production of the LpxR-FLAG protein in EHEC. The lpxR gene in EHEC was FLAG-tagged, and LpxR-FLAG protein in WT and lrp mutant (Δlrp) was detected by immunoblotting using an anti-FLAG antibody after growth in Dulbecco's modified Eagle's medium containing sodium butyrate (B) or sodium chloride (N). EspB and DnaK were also detected by using specific antibodies. T3SS = type III secretion system the expression of these genes is repressed under normal growth conditions. To examine the role of H-NS in the regulation of lpxR, lpxR promoter activity was monitored in the hns stpA double-deletion mutant of strain W3110. The stpA gene encodes H-NS paralog, StpA, which can partially compensate for the loss of H-NS function when H-NS is absent (Sonden & Uhlin, 1996) . Although the activity in the WT remained at a low level throughout all growth stages, the activity in the hns stpA mutant was greatly enhanced during the logarithmic growth phase (Figure 3a ). Our group has previously published the distribution of binding regions of H-NS, Pch, and Ler on the EHEC O157 chromosome by using chromatin immunoprecipitation (ChIP)-chip or ChIP-seq (Abe et al., 2008; Fukui et al., 2016) 
| LpxR-modified lipid A decreases inflammatory stimulation
Lipid A of E. coli species is known to be a stimulant for host cells and induces the pro-inflammatory response via the TLR4-MD2-CD14 pathway. To examine the activity of lipid A for induction of the inflammatory response, macrophage-like differentiated THP-1 (dTHP-1) cells were exposed to lipid A purified from WT, the lpxR mutant, or the complemented strain, and the activation of the NF-κB pathway, which FIGURE 2 Pch-and Ler-dependent activation of lpxR promoter. The activity of the lpxR promoter was measured using the P lpxR -luc fusion plasmid. (a) The lpxR promoter activity in the pch or ler mutant. (b) Production of LpxR-FLAG protein in the pch or ler mutant. Enterohaemorrhagic Escherichia coli strains with FLAG-tagged lpxR gene were grown in Dulbecco's modified Eagle's medium containing sodium butyrate. The strains are wild type (WT), pch mutant (ΔPch), ler mutant (Δler), and their complemented strains (pch/pch and ler/ler). LpxR-FLAG proteins were detected by immunoblotting with anti-FLAG antibody; EspB and DnaK were detected using specific antibodies for each protein. (c) Ler is not sufficient for activation of the lpxR promoter. The lpxR promoter activity in the WT or pch mutant (pch) harbouring P lac -pchA or P lac -ler was measured by using the P lpxR -luc fusion plasmid. As a control, the promoter activity in the ler mutant harbouring P lac -ler was also measured. (d) The necessity of both Pch and Ler for activation of the lpxR promoter is shown. The lpxR promoter activity in W3110 harbouring P lac -pchA and/or P lac -ler was measured using the P lpxR -luc fusion plasmid. The strain with the vector harbours pSU18 and pTB101. For the luciferase assay, the average values of three experiments were plotted against OD 600 is a downstream signalling pathway of TLR4-MD2-CD14, was moni- Promoter activation of lpxR is achieved through counteracting H-NS suppression by Pch and Ler. (a) The lpxR promoter activity in the hns mutant of W3110. The lpxR promoter activity in the wild type (WT) or hns stpA double mutant (Δhns ΔstpA) was measured using the P lpxR -luc fusion plasmid. (b) Binding profiles of H-NS, PchA, and Ler around the lpxR gene on the enterohaemorrhagic Escherichia coli O157 Sakai chromosome. Binding profiles were obtained by chromatin immunoprecipitation (or affinity-precipitation following microarray)-chip experiments. The DNA concentrations after cross-linking and affinity purification of H-NS, PchA, or Ler are presented. The figure was created from our previously published dataset (Abe et al., 2008; Fukui et al., 2016) . First column shows G + C contents. Second, third, and fourth graphs show H-NS binding in enterohaemorrhagic Escherichia coli in pch mutant (pch−: deficient in expression of both pch and ler), in pch mutant expressing ler artificially (pch − ler+), and in wild type (pch + ler+: expressing both pch and ler), respectively. Fifth graph shows differences in H-NS binding in pch (Figure 6a) , and whole and external bacteria were stained green and blue, respectively. The internalised bacteria are ones without colocalizing blue signals by comparing panels between "whole bacteria" and "external bacteria." The phagolysosome formation was determined when internal bacteria became associated with lysosomes.
Furthermore, the rate of phagolysosome formation was calculated as the number of lysosome-associating bacteria was divided by the total number of internal bacteria. In Figure 6b , we found that ΔlpxR strain had a significantly higher rate of phagolysosome formation compared to WT and the complemented strains. This result suggested that LpxR negatively regulate the delivery of phagocytosed bacteria to lysosomes.
Signalling from TLR4 through the signalling adaptor protein MyD88 and p38 mitogen-activated protein kinase (MAPK) enhances the fusion rate of nascent phagosomes with endosomes and lysosomes (Blander & Medzhitov, 2004) . We postulated that the modification of lipid A by LpxR would affect the p38 MAPK signalling pathway. Hence, we examined the efficiency of TLR4 signal cascade stimulation by monitoring the kinetics of phosphorylation of p38 MAPK in EHECinfected cells. Compared to the non-infected control, EHEC infection resulted in an increase in phosphorylated p38 over time. In particular, the amount of phosphorylated p38 in the cells infected by the lpxR mutant was higher than those infected by WT or the complemented strain (Figure 6c ), whereas the total amount of p38 MAPK remained constant throughout the infection period in cells infected by all of the strains. These results indicated that the lpxR gene contributes to FIGURE 5 Decreased phagocytosis of LpxRpositive enterohaemorrhagic Escherichia coli. First, differentiated THP-1 cells with the WT, ΔlpxR mutant, or complemented (ΔlpxR/lpxR) strain of enterohaemorrhagic Escherichia coli were first centrifuged to synchronise the start of infection, and at 30 min post infection, the cells were washed and fixed with paraformaldehyde. Extracellular bacteria (external bacteria) were stained by anti-O157 and Alexa 555, and after cells were permeabilised, whole bacteria were stained with anti-O157 and Alexa 488. DNA was also stained with 4,6-diamidino-2-phenylindole (DAPI). (a) Fluorescence microscopy images: red = external bacteria; green = whole bacteria. Note that green-only signal in the panel of external + whole bacteria represent the internal bacteria. (b) Frequency of internalised bacteria. The number of intracellular bacteria (phagocytosed) over the total number of cell-associated bacteria was determined for each experiment, and the average of three experiments was calculated with the standard error. Statistical analysis: one-way analysis of variance with Tukey's post hoc test, *p < .01 the reduced stimulatory effect of infecting EHEC on TLR4 and decreases the rate of phagocytosis and phagosome maturation by reducing activation of p38 MAPK.
| EHEC harbouring the pch regulator gene attenuates phagocytosis of the bacteria
Phagocytosis of the EHEC lpxR mutant was increased compared to the LpxR-positive strains, and the expression of the lpxR gene was under the control of the main virulence regulators for LEE genes. On the basis of these results, we assumed that phagocytosis of the bacteria was reduced for the EHEC with active virulence regulatory systems.
To examine this effect, an EHEC mutant deficient in T3SS was used to avoid the effectors EspB and EspF, which have been shown to inhibit phagocytosis (Iizumi et al., 2007; Quitard (c) Enhanced phosphorylation of p38 in LpxRnegative EHEC-infected cells. After infection of differentiated THP-1 cells with EHEC, a cell extract was prepared every 20 min post infection and phosphorylated p38 (p-p38) or total p38 was detected by immunoblotting using specific antibodies. As a loading control, α-tubulin was detected in the same samples. UI = unstimulated or whole bacteria were differentially immune stained by red and green fluorescent dye, respectively, and the green fluorescent-only bacteria in the diagram of external + whole was identified as the engulfed bacteria (Figure 7a) . By enumerating the number of engulfed bacteria, we found that the efficiency of bacterial engulfment by dTHP-1 cells for the Pch-positive strain was lower than that for the Pch-negative strain (Figure 7b ). This result suggested that activation of the virulence gene expression system reduced the phagocytosis activity of host cells.
| DISCUSSION
The host immune system has multiple means to detect invading pathogens. Escaping detection by the host defence system is important for pathogens in order to thrive in the host environment. PAMPs, including LPS, are targets of various conserved host receptors and can elicit strong immune responses. Thus, pathogens have evolved strategies to control the high bioactivity of PAMPs. One such strategy is to modify the lipid A moiety of LPS, which has been shown to reduce the ability of TLR4 to recognise lipid A, limiting the downstream inflammatory signalling cascades involved in cytokine production, phagocytosis, and activation of the complement system .
In recent years, lipid A deacylases of several enteric pathogens have been reported. Of particular interest, the LpxR deacylase of S. typhimurium has been shown to remove a 3′-acyloxyacyl residue of lipid A, resulting in reduced bioactivity of lipid A with respect to TLR4 signalling (Kawasaki et al., 2012; Reynolds et al., 2006) . In this study and in agreement with previous studies, we showed that lipid A from EHEC expressing the lpxR gene displays attenuated induction of the NF-κB and p38 MAPK signalling cascades. More importantly, we established that the expression of the lpxR gene was part of a virulence regulon including LEE genes that encode virulence factors that are necessary for colonisation through intimate attachment. Subsequently, we showed that a virulence regulator was involved in the reduction of phagocytosis by macrophage-like cells. Thus, we propose that in response to signals in the intestine, such as butyrate, EHEC not only activates the expression of virulence genes, readying the bacteria for cellular colonisation, but also activates lpxR to modulate lipid A to minimise the inflammatory response during close contact with host cells.
EHEC possesses a variety of virulence genes on LEE, including genes for T3SS and intimin, most of which are localized on DNA segments acquired by horizontal gene transfer (HGT; Hayashi et al., 2001; Ogura et al., 2009) . Under normal growth conditions, expression of these genes is repressed by the binding of H-NS to the DNA acquired via HGT (Dorman, 2007) . When sensing activation signals, such as butyrate, the genes on LEE and related genes are coordinately activated through the actions of Pch and Ler (Abe et al., 2008; Fukui et al., 2016) . The lpxR gene (ECs0814) has been shown to belong to the group of genes that are positively regulated by Pch and Ler, as are LEE genes (Abe et al., 2008) . The detailed analysis of the regulation of the lpxR gene revealed that its expression is repressed by bound H-NS at the promoter region, and such inhibition can be alleviated through the competitive displacement of H-NS by Pch and Ler (Figure 1a ). This mechanism is the same as has been described for the LEE genes, strongly suggesting that the lpxR gene is an important member of EHEC's virulence gene repertoire and contributes to the pathogenicity during the direct contact between the EHEC and host cells. This notion is further supported by the close relationship of the lpxR gene with LEE in terms of distributions among E. coli species.
FIGURE 7 Increased phagocytosis of the pch mutant. Differentiated THP-1 cells were infected with the enterohaemorrhagic Escherichia coli escD mutant (type III secretion system-negative mutant: ΔescD) or escD pch mutant (ΔescD Δpch) by centrifugation. At 30 min post infection, the cells were washed and fixed with paraformaldehyde. Extracellular bacteria (external bacteria) were stained with anti-O157 and Alexa 555, and after cells were permeabilised, whole bacteria were stained with anti-O157 and Alexa 488. DNA was also stained with 4,6-diamidino-2-phenylindole (DAPI). (a) Fluorescence microscopy images. Internalised bacteria are the green-only signal in the frame of "external + whole bacteria" that were the internalised. (b) Quantification of internalised bacteria. The ratio of number of intracellular bacteria (phagocytosed) to the total number of cell-associated bacteria was determined for each experiment, and the average of three experiments was calculated with the standard error. Student's t test, *p < .05 (vs. ΔescD) Specifically, the lpxR gene is found only in EHEC and EPEC, which are the only E. coli species possessing LEE (Table S1 ). Thus, modification of lipid A to reduce the inflammatory response must be crucial for attaching and effacing pathogenic E. coli that makes intimate attachments with host cells. Because the lpxR mutation does not affect T3SS function and adherence capacity (Figure S3 ), the lpxR gene contributes to colonisation indirectly through stealth behaviour.
In S. typhimurium, transcription of the lpxR gene has been shown to be regulated by HilD, a transcriptional regulator for the hilA gene, which encodes a master regulator of the SPI-I pathogenicity island (Petrone et al., 2014) . The fact that the lpxR gene was acquired through HGT and is integrated into the virulence regulatory networks both in Salmonella and E. coli implies that expression of the lpxR gene must be advantageous for the bacteria during the interaction with host cells but could be otherwise unfavourable for growth in other conditions. LPS of Gram-negative pathogens contains lipid A, which is a strong inducing agent for host inflammatory responses and defence systems.
Therefore, it must be advantageous for pathogens that have acquired genes encoding enzymes capable of modifying the lipid A structure to avoid excessive elicitation of host immune responses. One such structural modification is the deacylation of lipid A, which leads to decreased stimulation of TLR4 and downstream signalling cascades . Among the genes encoding deacylases, lpxR is commonly found in a variety of pathogens, including Salmonella, Yersinia, V. cholerae, H. pylori, and EHEC. Lipid A 3′-O-deacylation by LpxR has been shown to reduce TLR4 signalling and contribute to pathogenesis in Salmonella and H. pylori (Cullen et al., 2011; Kawasaki et al., 2012; Kong et al., 2011) . In this study, we confirmed these previous observations by showing that lipid A of EHEC expressing lpxR was less stimulatory of NF-κB signalling and reduced TNF-α secretion compared to lipid A from the lpxR mutant. Furthermore, among the reported bacterial pathogens that possess an lpxR gene, EHEC is the only extracellular pathogen identified to date. Therefore, we investigated phagocytosis and found that the lpxR-positive EHEC displayed reduced phagocytosis activity and phagosome maturation in macrophage-like cells during infection. Such resistance is dependent on the virulence regulatory gene that controls lpxR gene expression in EHEC but is independent of T3SS-associated effectors. As phagosome maturation is regulated by signals from TLR through the adaptor proteins MyD88 and p38 MAPK (Blander & Medzhitov, 2004) , we found that infection by lpxR mutant EHEC resulted in increases in not only NF-κB signalling but also phosphorylated p38 in macrophage-like cells compared to infection with the lpxR-positive EHEC. Our lipid A mass spectrometry analysis showed a positive correlation between the expression of LpxR and the penta-acylated lipid A. As penta-acylated lipid A is less immunogenic than the hexal counterparts, due to their lower affinity to MD-2, the principle receptor of lipid A and an essential co-receptor of TLR4 for the signal transduction (Tsuneyoshi et al., 2006; van der Ley et al., 2001; Zimmer, Zughaier, Tzeng, & Stephens, 2007) , this may explain the lower p38 phosphorylation, which is required for the downstream even to phagosome-lysosome fusion.
Taken together, these results indicate that modification of the LPS structure in EHEC when virulence expression is activated in response to an intestinal signal is one of the critical strategies used by the pathogen to dampen host immune responses, including cytokine production and killing by phagocytes.
| EXPERIMENTAL PROCEDURES
| Bacterial strains and plasmids
Enterohaemorrhagic E. coli O157:H7 WT (RIMD 0509952), its derivative strains, and plasmids used in this study are listed in Table 1 . E. coli K-12 strain W3110 and the hns stpA double-deletion mutant are also listed. The lpxR gene deletion mutant was constructed using the methods and plasmids from Datsenko and Wanner (2000) , and EHEC possessing a FLAG-tagged lpxR gene was constructed using the methods and plasmid from Uzzau, Figueroa-Bossi, Rubino, and Bossi, (2001) . The plasmid pGEM-lpxR was constructed by inserting the lpxR DNA fragment isolated by PCR with the EHEC O157 Saki chromosome as template into the pGEM plasmid vector (Promega). The plasmid pLux-P lpxR was constructed by inserting a DNA fragment of the lpxR promoter region, which was isolated by PCR, into the pLux plasmid to create P lpxR -lux operon fusion. Bacteria were grown overnight in Luria-Bertani broth (LB), were diluted 100-fold with medium as indicated, and were then incubated at 37°C with shaking.
| Promoter activity assay
Bacteria harbouring promoter-luciferase fusion plasmids were grown in LB or DMEM containing 0.1 M MOPS (pH 6.7) and 20 mM Na butyrate or 20 mM NaCl after dilution (100-fold) of the overnight culture in LB. At the sampling time points, 800 μl was removed to measure the OD 600 , and 100 μl was taken to measure the luminescence intensity using a TD-20/20 luminometer (Turner Biosystems). The luciferase activity was calculated by dividing the luminescence intensity by the OD 600 measurement. The average and standard error were calculated from the results of three experiments performed in single day. The representative of at least three independent experiments was shown.
| Analysis of proteins in whole-cell EHEC lysates
Bacteria were collected from cultures by centrifugation, and the cell pellet was dissolved in SDS sample buffer. The concentration of each sample was normalised to the OD 600 of the culture, and the samples were analysed by immunoblotting after SDS-polyacrylamide (12% or 10%) gel electrophoresis and transfer to an Immobilon membrane (Millipore). The proteins were detected with primary antibodies specific for EspB (Abe, Tatsuno, Tobe, Okutani, & Sasakawa, 2002) , DnaK (Calbiochem), FLAG (Sigma), and horseradish peroxidase-conjugated secondary antibodies, followed by visualisation with an ECL detection kit (Amersham Biosciences). The representative of at least three experiments was shown.
| ChIP-PCR
ChIP for FLAG-tagged H-NS bound DNA was performed as described by Oshima, Ishikawa, Kurokawa, Aiba, and Ogasawara (2006) using a 20 ml culture of EHEC grown in DMEM containing 0.1 M MOPS (pH 6.7) and 20 mM Na butyrate at 37°C. DNA fragments that co-purified with H-NS-FLAG and in the supernatant fraction before ChIP were subjected to PCR for the lpxR promoter region. We performed ChIP-PCR experiments twice for each strain.
| Isolation of lipid A and analysis of lipid A modification
Bacteria were grown in DMEM containing 0.1 M MOPS (pH 6.7) and 20 mM Na butyrate or in LB at 37°C. The cells were harvested by centrifugation. The LPS was purified, and lipid A was further isolated as described by Yi and Hackett (2000) . For LPS, bacterial pellets were resuspended in TRIzol (Invitrogen), and chloroform was added to partition LPS into the upper aqueous phase. The aqueous phase was dried to obtain LPS powder by a concentrator (Eppendorf). For lipid A, the LPS powder was first resuspended in a buffer containing 1% SDS and sodium acetate at pH 4.5 and boiled at 100°C for 1 hr. Then the suspension was dried in a concentrator. The obtained substance was dissolved in acidified EtOH (20 mM HCl in 95% EtOH) and centrifuged at 5,000 rpm to obtain pellets containing the lipid A. Pellets were further washed with 95% EtOH and 100% EtOH before being dried. The amount of LPS and lipid A was quantified using the method of Janda and Work (1971) . Structures of lipid A were determined by matrixassisted laser desorption ionization-time-of-flight mass spectrometry as described previously (Kawasaki et al., 2012 ) by using ultrafleXtreme (Bruker). experiments, THP-1 cells were seeded on coverslips in a 24-well plate and were differentiated into adherent macrophage-like cells by incubation with 100 ng/ml PMA (Wako) for 24 hr, followed by incubation in the media without PMA for another 72 hr. The cells were incubated with lipid A (5 mg/ml) for 6 hr, the culture supernatant was collected, and the amount of TNF-α was measured using human TNF-α ELISA Ready-SET-Go! (eBioscience).
| Immunostaining of nuclear p65
| Phagocytosis assay
The bacterial overnight culture was diluted 20-fold with DMEM (serum free and butyrate free) and was incubated at 37°C with a constant shaking (120 rpm) for 2 hr where bacteria that typically reach the late logarithmic growth phase (OD 600 = 0.8-1.2) were used for the infec- 
| Statistical analysis
For experiments where two groups/conditions were being compared, statistical significance was evaluated by Student's t test (Microsoft Excel, version 15.30) . For experiments that had more than two groups/conditions, statistical analysis was evaluated by one-way analysis of variance with Tukey's post hoc test (GraphPad Prism, version 7.0). Differences were considered significant at a p value of <.05.
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